The Balloon-borne Large Aperture Submillimeter Telescope for Polarimetry (BLASTPol) is a suborbital mapping experiment designed to study the role magnetic fields play in star formation. BLASTPol has had two science flights from McMurdo Station, Antarctica in 2010 and 2012. These flights have produced thousands of polarization vectors at 250, 350 and 500 microns in several molecular cloud targets. We present the design, specifications, and progress towards the next-generation BLASTPol experiment (BLAST-TNG). BLAST-TNG will fly a 40% larger diameter primary mirror, with almost 8 times the number of polarization-sensitive detectors resulting in a factor of 16 increase in mapping speed. With a spatial resolution of 22 and four times the field of view (340 arcmin 2 ) of BLASTPol, BLAST-TNG will bridge the angular scales between Planck's all-sky maps with 5 resolution and ALMA's ultra-high resolution narrow (∼ 20 ) fields. The new receiver has a larger cryogenics volume, allowing for a 28 day hold time. BLAST-TNG employs three arrays of Microwave Kinetic Inductance Detectors (MKIDs) with 30% fractional bandwidth at 250, 350 and 500 microns. In this paper, we will present the new BLAST-TNG instrument and science objectives.
INTRODUCTION
The BLASTPol experiment was a stratospheric 1.8 m telescope which observed the sky with bolometric detectors operating in three 30% wide bands at 250, 350 and 500 µm. Polarization sensitivity was achieved via the insertion of polarized grids in front of the detector arrays. Polarization modulation was achieved via a stepped achromatic half-wave plate (HWP). BLASTPol had two Long Duration Balloon (LDB) flights from McMurdo, Antarctica in 2010 and 2012. Some results from these flights are documented elsewhere.
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The next generation BLASTPol experiment will improve upon the previous BLASTPol measurements. With a larger 2.5 m primary mirror and almost 8 times more detectors, it will have an increased resolution (22 at 250 µm), four times the field of view (340 arcmin 2 ), and up to 16 times the mapping speed of BLASTPol. This performance enhancement will enable us to perform the most detailed study of the role of magnetic fields in the regulation of star formation than ever achieved before.
SCIENTIFIC MOTIVATION
After decades of research, the physical processes regulating star formation remain poorly understood. Large-scale observations of star forming regions provide counts of the number of dense clouds, each of which will eventually evolve into many thousands of stars. However, when simple models of gravitational collapse are applied to the clouds they yield a Galactic star formation rate (SFR) that is many times larger than what is actually observed. Some process or combination of processes must be slowing the collapse of the clouds. The two prevailing theories involve turbulence, which prevents the effective dissipation of energy, and Galactic magnetic fields, which are captured and squeezed by the collapsing cloud providing a mechanism for mechanical support.
In many numerical simulations, magnetic fields dramatically affect both the star formation efficiency and lifetime of molecular clouds. [4] [5] [6] However observationally, the strength and morphology of magnetic fields in molecular clouds remain poorly constrained. A useful tracer of magnetic fields in star forming regions is polarization. By mapping polarization from dust grains aligned with respect to their local magnetic field, the field orientation (projected on the sky) can be traced. Molecular clouds typically have temperatures of several tens of Kelvin with emission peaking in the submillimeter. Most previous submillimeter polarimetry observations have generally been restricted to bright targets (> 1 Jy) and small map sizes (< 0.05 deg 2 ).
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One of BLAST-TNG's main goals is to map the magnetic field morphology of a large sample of molecular clouds in order to account for projection effects and obtain robust statistics on magnetic field morphology. A large sample of molecular clouds will allow us to constrain star formation models. BLAST-TNG can provide valuable data that will aid in two major areas of star formation models: how ordered are the magnetic fields in the molecular cloud, and how does that field direction correlate with the filamentary structure within the clouds? Numerical simulations have shown that molecular clouds with strong magnetic fields show less polarization angle dispersion than clouds with weak fields. [9] [10] [11] [12] Recently, polarization maps have been used to characterize the magnetized turbulence power spectrum within molecular clouds. 13, 14 These analyses are based on a polarization angle dispersion function and can be used to characterize the relative strength of the ordered and turbulent magnetic field components. The same analysis can be applied to all the BLAST-TNG polarization maps, resulting in a more complete and accurate picture. Also, faint, low column density 12 CO filaments observed in Taurus 15, 16 seem to closely follow magnetic field lines traced by optical polarimetry, which could indicate streaming of 45°F igure 1. BLAST-TNG provides the critical link between Planck's all-sky polarimetry at 850 µm with 5 resolution and ALMA's 0.01 resolution polarimetry at the same wavelength. The upper left is a Galactic-scale Planck image followed by the BLAST observation of Vela 18 and the magnetic field map for the IRAS 4A protobinary in Perseus acquired using the Submillimeter Array (a precursor to ALMA). 19 BLAST-TNG will map polarization using a 22 FWHM beam at 250 µm. This beam nearly matches the ALMA 850 µm field-of-view and is more than 200 times smaller (in area) than Planck's 850 µm beam. molecular gas along field lines. BLAST-TNG will be able to investigate the alignment between the magnetic fields and intermediate and high density filaments seen in Herschel maps. 17 With an increase in knowledge of the role of magnetic fields in molecular clouds, we will come one step closer to understanding how stars form.
BLAST-TNG, and its predecessor, BLASTPol, are the first instruments to combine the sensitivity and mapping speed necessary to trace magnetic fields across entire clouds with the resolution to trace fields down into dense substructures, including cores and filaments. BLAST-TNG provides the critical link between the Planck all-sky polarization maps with 5 resolution and ALMA's ultra-high resolution, narrow (20 ) field of view. 20, 21 BLAST-TNG will use Planck 's all-sky data to refine its target selection. ALMA will then be able to utilize BLASTPol maps to zero in on areas of particular interest. Together, these three instruments will be able to probe the inner workings of star formation with previously unreachable resolution, sensitivity and scope.
BLAST was originally designed as an unpolarized instrument to study high redshift dusty infrared galaxies. The conversion to BLASTPol was intended as a proof of concept to see if the technique is viable. While BLASTPol was able to make ground-breaking initial measurements, its utility was limited. In order to make technological progress and fully exploit the targets made available by Planck, a next generation instrument powered by large arrays of state-of-the-art detectors must be built. In previous BLASTPol flights, ∼5 deg 2 was mapped in total, while nearby star forming complexes such as Vela or Lupus are 10-100 deg 2 . With BLASTPol we could only map a small fraction of a complex, but with this new instrument, the ability to map the entire complex is readily achievable.
INSTRUMENT
This section will focus primarily on components that differ from the previous incarnation of BLASTPol. The design and specifications of this instrument are driven by science goals, availability of existing instrumentation, and the practical limitations of ballooning.
Optical Design
BLAST-TNG will utilize a 2.5 m carbon fiber reinforced polymer (CFRP) parabolic primary mirror (Figure 2 , Right). It will be constructed by Vanguard Space Technologies in San Diego, CA. The carbon fiber primary mirror will be constructed by applying layers of CFRP to a precision-ground positive granite mold. This layer will 'sandwich' an aluminum honeycomb support structure. This CFRP / aluminum honeycomb / CFRP sandwich will be attached to a carbon fiber optics bench to maintain its shape at all elevation angles. A 50 cm diameter secondary mirror will be machined out of aluminum and is mounted to the optics bench via three CFRP struts. The secondary mirror will possess an in-flight focusing method via three ∼400 g stepper motors. These optics provide diffraction-limited performance over a 22 diameter FOV at the Cassegrain focus at λ = 250 µm. The estimated antenna efficiency is ≥ 95%. A complete discussion of the previous BLASTPol optics for the 2005 Sweden flight can be found in previous papers.
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The cold reimaging optics ( Figure 3 ) are kept at 4 K and consist of an Offner-relay configuration with two concave spherical mirrors and a third cold spherical mirror at the position of an image of the primary mirror. This third spherical mirror acts as a Lyot stop, provides a location for a calibration source, and allows for additional side-lobe rejection. The off-axis angle of the final reimaging mirror allows us to place two dichroic beam splitters in front of the focal plane, making possible simultaneous measurements by all three arrays at different wavelengths.
Cryostat Design
BLAST-TNG's cryostat design is based on the previous BLAST and BLASTPol cryostat. 23, 24 Instead of separate LN and LHe reservoirs, the new design calls for a single 250 L LHe tank which forces the boiled-off He gas through two heat exchangers that cool two vapor-cooled shields (VCS), which operate at 66 K and 190 K. We baseline an efficiency of 80% for the heat exchangers, which corresponds to a 28 day hold time, based on testing of a prototype design. We expect to achieve better performance for the fully optimized devices that will be used in the cryostat.
Due to the larger cryogenic volume and proportionally larger optics, the BLAST-TNG cryostat will be 3.33 times larger in volume than the previous BLAST cryostat. This corresponds to a cryostat diameter of 40 inches and a height of 60 inches. The detectors will be kept at ∼280 mK by a closed cycle 3 He sorption fridge which is backed by a 1 K pumped 4 He fridge. The self-contained, recycling refrigerator can maintain a base temperature of 280 mK with 30 µW of cooling power for 4 days. The refrigerator can be recycled in under 2 hours and will be cycled every ∼40 hours. The pumped pot maintains 1 K with 20 mW of cooling power with outside atmospheric pressure of 15 Torr or less. Lyot Stop Figure 3 . A cutaway view of the BLAST-TNG optics box. Light enters from the lower left and is re-imaged onto the three detector arrays (500 µm array shown at top left). Two dichroic filters split the beam to the 250 and 350 µm arrays which are mounted on the opposite side of the optics bench. A cold Lyot stop is placed at the image of the primary mirror which allows for greater sidelobe rejection and the introduction of a calibration source. A modulating cold half-wave plate is placed inside the optics box. The motorized mechanism for rotating the waveplate is mounted at 300 K on the inside of the vacuum shell.
Gondola Design
The BLAST-TNG gondola provides a pointed platform for the telescope and attaches to the balloon flight train. The gondola consists of two parts: an outer aluminum frame, which can be pointed in azimuth; and an inner aluminum frame which points in elevation. While the BLAST-TNG outer frame remains the same from BLAST and BLASTPol, the gondola inner frame has been completely redesigned to accommodate a ∼3.4 times larger cryostat and 40% larger diameter primary mirror (see Figure 2) . The pyramids that support the inner frame have been replaced with a step ladder style trusses which are similar to those employed by EBEX.
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To avoid large thermal changes in the optics both the inner and outer frames have attached sunshield structures, which is shown in Figure 4 . In order to accommodate the larger inner frame sunshield and maintain our BLASTPol's maximum pointing elevation of 55 degrees, we also adopt a spreader bar design that is based on one from the EBEX gondola.
BLAST-TNG uses the same azimuth control as BLASTPol, which was controlled by a brushless, direct drive servo motor attached to a high moment of inertia reaction wheel, and an active pivot motor which connected the cable suspended gondola to the balloon flight train. The reaction wheel consists of a 1.5 m disk made of 7.6 cm thick aluminum honeycomb, with 48 0.9 kg brass disks mounted around the perimeter. The reaction wheel is mounted below the center of mass of the telescope, directly beneath the active pivot. By spinning the reaction wheel, angular momentum can be transferred to and from the gondola, allowing precise control over the azimuthal velocity of the telescope with minimal latency. The active pivot motor provides additional azimuthal torque by twisting against the flight train, and can also be used over long time scales to transfer angular momentum to the balloon.
BLAST-TNG uses the same suite of sensors (GPS, pinhole sun sensors, magnetometers, gryoscopes, star cameras, 26 and inclinometers) that have been used in previous BLAST and BLASTPol flights. A complete discussion of our hierarchal attitude determination methods and full suite of pointing sensors can be found elsewhere. • to the sun, while the outer baffle shields the cryostat and electronics from overheating. Left: Right: The rear view of the gondola shows where the readout electronics (teal), power generation (purple) and breakout (blue) hardware enclosures will be mounted on the inner and outer frames.
The elevation of the inner frame is controlled by a Kollmorgon DC brushless servo motor mounted on one side of the inner frame at the attachment point to the outer frame. A free bearing provides the connection point between the inner and outer frames, on the other side. To maintain the dynamic balance of the BLASTPol inner frame, fluid was pumped from a low part of the inner frame to a high part to compensate for the mass lost from cryogen boil-off during flight. However, with the increase in cryogens in BLAST-TNG, the ballast tank system became a higher liability during the flight. Therefore, the servo motor has been fitted with a Harmonic Drive high torque 80:1 gearhead. The Harmonic Drive * has zero backlash and supplies more than enough torque to rotate the inner frame once the cryostat becomes unbalanced after cryogen boil-off. Since the servo motor is now geared, an absolute optical encoder is being used. The RESOLUTE absolute rotary encoder on RESA rings † provides resolution to 0.00075 arc-second, which is much more precise than required by BLAST-TNG.
Detectors
BLAST-TNG will drive the development of polarization-sensitive TiN microwave kinetic inductance detectors (MKIDs) for submillimeter wavelengths. The MKIDs will be divided into three arrays of 627, 324, and 201 feeds at 250, 350, and 500 µm, respectively (See Table 1 ). Each feedhorn has two orthogonal polarization-sensitive detectors, allowing for simultaneous observations of both polarizations in the same spatial pixel. This design produces just over 2300 detectors in BLAST-TNG, ∼8.2 times that of BLASTPol. These new MKID arrays increase the net mapping speed of BLAST-TNG by a factor of 16 over BLASTPol.
The detectors for BLAST-TNG are based on microwave kinetic inductance detectors (MKIDs), a leading detector candidate for future FIR/sub-mm satellite missions. In MKIDs, photons incident on a superconducting film with energy above the gap create a change in quasi-particle density that can be determined by measuring the complex impedance of the film. 28 Benefits of MKIDs include built-in frequency domain multiplexing capabilities, the potential for simplified fabrication and the decreased complexity of low temperature cabling and focal plane inter-connects. Thousands of MKIDs, fabricated on a single layer, can be coupled to one RF line and amplified by a low power (<5 mW), wide-bandwidth, cryogenic silicon germanium (SiGe) amplifier.
Using MKIDs, a simple design for dual-polarization sensitive detector arrays that is scalable in both pixel count and frequency can be achieved. The detectors are designed to be background-limited in all three BLAST-TNG frequency bands at the predicted in-flight power loads and achieve high efficiency optical coupling. HFSS * Harmonic Drive LLC. http://harmonicdrive.net/products/gearheads/csg-unit/ † Renishaw PLC. http://www.renishaw.com/en/resolute-rotary-angle-absolute-encoder-options-10939 simulations including orthogonal absorbers, SiOx insulating crossovers, and a quarter wavelength silicon backshort show > 80% co-polar and < 1% cross-polar coupling averaged over the 250 µm band. 29 More details on our detector design, and MKIDs in general, can be found in other publications.
30-32
Optical coupling to the detectors is achieved via an aluminum feedhorn array. The previous BLASTPol feedhorns were the conical Herschel SPIRE feedhorn design. 33 These feedhorns have an asymmetry in X and Y polarizations due to the difference in the E and H fields. This beam asymmetry was a source of cross-polarization in BLASTPol. Therefore, a 3-step modified Potter horn was designed that minimized beam asymmetries and still maintains a 30% bandwidth.
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In order to verify that the detectors will achieve the desired noise performance, a prototype subarray of detectors was fabricated and tested with a variable temperature blackbody load. These tests, shown in Figure  5 (c), show photon-noise limited sensitivity over a broad range of loading conditions that includes the predicted in-flight load for each band. Further work is in progress to test the detector's noise level in our scan speed governed science band of 0.01-0.1 Hz, and will be discussed in an upcoming publication.
The detectors are housed in a focal plane array housing (FPA) which is an 8-sided polygon and is shown in Figure 6 . The backplate possesses a rim for mounting the thermal standoff, SMA connectors, and heat strap to the 300 mK absorption fridge. The detector and square waveguide interface wafers are mounted inside the backplate via a pin-and-slot method to constrain the detectors in X/Y. To fix the Z dimension, both wafers are held down to the backplate via beryllium copper spring tabs. The detector wafer is oversized compared to the square interface wafer to allow for wirebonds to both the microstrip multiplexing lines. Additionally, gold wirebonds are made to increase the thermal conductivity and keep the detectors cooled to 280 mK. Finally, the feedhorn plate attaches to the outer rim of the backplate and is constrained via two close-fit pins. A bandpass filter is attached to the front of the feedhorn plate.
The thermal standoff consists of two interlocking sets of thin-walled CFRP rods. The first set of rods are 2 inches long and isolate the 4 K optics box to a ring at 1 K. One set of SMA cables is heat sunk to the 1 K stage via a directional coupler. Next, a set of one inch long rods isolate the 1 K stage from the FPA which is cooled to 280 mK. Thermal conductivity calculations show that the load to the 280 mK and 1 K stages will be ∼14 µW and ∼ 120 µW, respectively, for all three arrays. Finite element analysis on the carbon fiber support structure shows < 5 µm of deflection during normal operation. This amount of thermal loading and deflection is well within our tolerances.
Polarization Modulation
The primary modulation scheme for BLAST-TNG will be based on the successful implementation of a broad-band half-wave plate (HWP) used in BLASTPol shown in Figure 3 . The low-emissivity HWP consists of five 500 µm sapphire layers glued together with 6 µm layers of polyethylene. The HWP has a metal mesh anti-reflective coating 36 with a measured in band transmission of 86-95%. Located inside the cryogenic optics box, the HWP is far from the Cassegrain focus (∼30 cm) while allowing it to dissipate heat to the 4 K stage. Raster maps with areas ranging from 0.25 to tens of square degrees are made by scanning the gondola in azimuth and elevation. The HWP orientation is changed at the end of each raster scan (∼10 min). A typical 5 hour integration therefore consists of ∼30 HWP moves. The integration is spread over the flight to maximize the sky rotation while taking full advantage of the polarization modulation.
BLAST-TNG has two orthogonally polarized detectors per pixel with the vectors rotated by 45deg from pixel to pixel along the scan direction. As the telescope scans at a typical speed of 0.1
• /s, this configuration provides near simultaneous measurements of both Q and U while eliminating most of the common-mode 1/f noise. It also provides a "fail safe" backup should the HWP rotation mechanism somehow fail. The BLAST-TNG cold optics are larger, similar versions of what was used for BLASTPol (Figure 3 ), which has a measured instrumental polarization of < 0.5%. The symmetry of our on-axis telescope provides low inherent instrumental polarization. Operation in the submillimeter carries the risk of diffraction and scattering off of the secondary mirror and its supports. However, there was no evidence of this with BLASTPol. The signals from the dust polarization are much larger in the submillimeter than they are in the CMB bands. Therefore, BLAST-TNG does not require the extreme control of systematic effects that are needed to measure CMB polarization directly.
ACKNOWLEDGMENTS
The BLAST collaboration acknowledges the support of NASA through grant numbers NNX13AE50G S04 and NNX09AB98G, the Leverhulme Trust through the Research Project Grant F/00 407/BN, Canada's Natural Sciences and Engineering Research Council (NSERC), and the National Science Foundation Office of Polar Programs. Frederick Poidevin thanks the Spanish Ministry of Economy and Competitiveness (MINECO) under the Consolider-Ingenio project CSD2010-00064 (EPI: Exploring the Physics of Inflation). Bradley Dober is supported through a NASA Earth and Space Science Fellowship. Peter Ashton is supported through Reach for the Stars, a GK-12 program supported by the National Science Foundation under grant DGE-0948017. However, any opinions, findings, conclusions, and/or recommendations are those of the investigators and do not necessarily reflect the views of the Foundation. We would also like to thank the Columbia Scientific Balloon Facility (CSBF) staff for their continued outstanding work.
